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CHAPTERR 1 The Standard Model 

KeepKeep it simple; as simple as possible, but no simpler. 

AlbertAlbert Einstein 

1.11 Elementary Particles and their  Interactions 

Elementary-particlee physics is the study of the fundamental building blocks of nature and the 
interactionss between them. As far as we know, there exist 12 different building blocks, viz. six 
quarkss and the same amount of leptons, all of which are spin-1/^ fermions. They are distributed 
overr three families: 

Family y 

Quarks s 

Leptons s 

1 1 

up p 
down n 

electron n 

ve e 

2 2 

charm m 
strange e 

muonn (|i) 
VH H 

3 3 

top p 
bottom m 
tau(T) ) 

Tablee 1.1 The three quark and lepton families. 

Al ll  of these particles are subject to one or more of the four fundamental interactions or forces: 

 The gravitational interaction, which attracts all particles that have a mass. In the 
energyy domain of elementary-particle physics this force is so weak that it can 
safelyy be neglected; 

 The electromagnetic interaction, which is felt by all charged particles. It is 
mediatedd by the exchange of massless photons and is described by the theory of 
Quantumm Electrodynamics (QED); 

 The weak interaction, which influences all quarks and leptons and which is 
carriedd by three massive vector bosons, called the W* and the 77. 

3 3 
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Thee electromagnetic and weak interactions are combined into a single theory, that 
off  the electroweak interactions [2-4]; 

 The strong interaction, which is present between particles carrying a color 
chargee (the quarks) and is mediated by eight massless gluons. A description of it 
is-- provided by Quantum Chromodynamics (QCD). 

Thee last three of these interactions have been incorporated into a single theory called the 
Standardd Model. It is characterized by the gauge group 

SU(3)cxSU(2)LxU(l) YY (1.1) 

inn which the first term corresponds to the strong interaction, while the remaining two terms form 
thee electroweak theory. 

1.22 The Higgs Mechanism 

Ass presented above, the electroweak theory defines four force carriers, viz. the photon, the W* 
andd the Z°. Except for the photon these vector bosons are massive. This poses a problem to the 
theoryy for it is impossible to generate these masses by adding explicit mass terms to the 
Lagrangiann as they would break the gauge invariance. So instead, the vector bosons must 
acquiree their mass through the process known as spontaneous symmetry breaking. 

Thee symmetry of a theory is spontaneously broken when its vacuum is not invariant under 
thee total symmetry group of the Lagrangian, but only under one of its subgroups. Or in other 
words,, the vacuum has spontaneously chosen an arbitrary direction in the space of symmetry 
transformations.. As a classical example, consider the theory of ferromagnetism near the Curie 
temperature.. Above it, all the dipoles in the ferromagnet are randomly oriented and me ground 
statee of the system is rotationally invariant. Below the Curie temperature spontaneous 
magnetizationn aligns the dipoles in some arbitrary direction, thereby breaking the rotational 
symmetry. . 

Thee spontaneous breaking of a continuous symmetry like the one of the electroweak 
theoryy leads to the creation of zero-mass particles called Goldstone bosons [5]. However, 
becausee no known particles can be attributed to these bosons, they somehow have to be erased 
outt of existence. The Higgs mechanism [6,7] does just that by using them to generate masses 
forr the vector bosons. According to the model, a Goldstone boson becomes the extra degree 
off  freedom mat a massive vector boson has over a massless one. Or in other words, a Goldstone 
bosonn is "eaten" by a massless vector boson to give it its mass. Mass is then nothing more than 
thee result of an interaction with an omnipresent background Higgs field. 

Inn the case of the Standard Model, the Higgs field has four degrees of freedom. When it is given 
ann appropriate vacuum expectation value it breaks the electroweak symmetry group 
SU(2)xU(l)) down to the U(l) of electromagnetism. In the process, the vector bosons 
swalloww three of the four degrees of freedom of die Higgs field and become massive, while 
thee remaining fourth degree of freedom manifests itself as the physical Higgs boson. 
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1.33 Higgs Creation 

Lik ee any particle, the Higgs can be created in a collision of other particles. In the case of proton-
protonn collisions, the dominant channel for the production of a Higgs boson is gluon-gluon 
fusionn (see figure 1.1). The cross sections of the other channels are in general 1 to 2 orders 

,w,z z 

Figuree 1.1 _The four main Higgs production channels: gluon-gluon fusion (a), WW and ZZ 
fusionn (b), tt fusion (c), and W and Z bremsstrahlung (d). 

off  magnitude smaller. As can be seen from figure 1.2 only above a Higgs mass of 900 GeV 
doess the weak boson fusion process give a contribution comparable to that of gluon-gluon 
fusion.. However, the advantage of the other three channels is that the Higgs is accompanied 
byy two quarks or an intermediate vector boson. These give rise to specific signatures in the 
detectorr (two jets, a lepton pair or an isolated lepton) that can be used to suppress most of the 
background. . 
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Figuree 1.2 Production cross sections for the main Higgs creation channels in a proton-proton 
colliderr with a centre-of-mass energy of 14 TeV [8]. 
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1.44 Higgs Decay Channels 

Becausee of its nature, the coupling strength of the Higgs to other particles depends strongly 
onn their mass. As a result, it decays preferentially into the heaviest particle available. But as 
itss mass is not predicted by the Standard Model, which process that is, is not known. 

Somee limits on the Higgs mass can however be set. Because it has not yet been observed 
byy any existing experiment, a lower bound of ~109 GeV can be assumed [9]. Furthermore, 
indirectt predictions from the precision fits using the full set of electroweak data put the upper 
limi tt at a mass of 215 GeV (95% confidence level), with the preferred value at 

+69 9 
mHH = 77 GeV 

-39 9 'H H (1.2) ) 

Basedd on this value, the possible decay channels for the Higgs are [10]: 

800 < mH < 150 GeV 
Iff  the Higgs mass is less than twice the W-boson mass, the decay mode H —> bb is 
thee dominant channel with a branching ratio of 90% (see figure 1.3). Unfortunately 
however,, in the case of direct Higgs production, this decay cannot be identified 
overr the huge QCD two-jet background. Therefore, the associate-production 
channelss with a W or Z boson, or a tt pair are the most promising processes: The 
isolatedd high-pT lepton(s) or additional jets that they create, reduce the background 
too such a level that identification is possible. 
Thee only other detectable decay channel of a light Higgs is the higher-order process 
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Figuree 1.3 Higgs branching ratios. 
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HH -»yy. It is onl y observable over a limited mass range (100 < mH < 150 GeV), 
wheree the production cross section and the decay branching ratio are both relatively 
large. . 

1300 < mH < 160 GeV 
* * 

Inn this mass range the decay H -> ZZ -> 4 leptons, with one of the Z bosons off its 
masss shell, is the best-observable channel. The branching ratio is larger than that of 
thee two-photon channel and rises even further with increasing Higgs mass up to a 
valuee of around 150 GeV. Then a pronounced dip appears because of the WW-
creationn threshold. 

1500 < mH < 190 GeV 
Whenn the Higgs is approximately twice as heavy as the W boson, the leptonic 
branchingg ratio of H —> WW -> lvlv is about a hundred times larger than that of 
thee ZZ mode. Its disadvantage however is that it is impossible to reconstruct a 
masss peak, because of the missing energy from the neutrinos. Instead, an excess of 
eventss must be used to identify the presence of a Higgs signal and to extract 
informationn about its mass. 

2mzz < mH < 700 GeV 
Inn this very large mass range, the Higgs can be easily identified from the decay 
HH -> ZZ -» 41, which is referred to as the "gold-plated" channel. Its signal is much 
higherr than the expected background, which is dominated by the continuum 
productionn of Z boson pairs. 

Becausee the main topic of this thesis is muon reconstruction, the decay channel of the Higgs 
intoo a final state consisting of four leptons is the most relevant one. We wil l come back to it 
inn chapter 8. 




